Freund's adjuvant has been used extensively in immunologic study. First described in the 1940s as a method of enhancing delayed hypersensitivity (l), Freund's adjuvant has become a standard experimental tool to enhance the immunologic response. CFA, which is composed of paraffin oil and killed mycobacterium, has been employed as part of the induction technique in experimental glomerulonephritis (2-5).
of TBM and 0.2 ml of adjuvant; the adjuvant was composed of CFA (Sigma Pharmaceuticals, St. Louis, MO) plus pertussis antigen (Wyeth Laboratories, Philadelphia, PA); 2) adjuvant only-0.2 ml of CFA plus pertussis; 3) CFA only, 0.2 ml; 4) pertussis only, 0.2 ml; or 5) control-0.2 ml of 0.9% NaCl.
TBM production. Tubular membrane material was prepared by separating cortex from medulla and then homogenizing the cortex in a Teflon-glass homogenizer with approximately 60-80 ml of saline. It was centrifuged at 600 rpm for 4 min, and the supernatant was discarded. The pellet was washed again with 80 ml of saline and passed through an 80-mesh screen and then 230-mesh screen using approximately 200 ml of saline to wash the material. The filtrate was centrifuged at 1500 rpm for 5 min. The supernatant was discarded, and the pellet was resuspended in 20 ml of saline and sonicated with a Bronson sonicator (setting 3) for 45 s. The sonicate was spun at 3000 rprn for 10 min, and the pellet was saved for use as tubule membrane antigen. The purpose of this treatment was to prepare immunizing antigen composed primarily of tubular membrane, with minimal glomemlar contamination.
Twelve to 14 days following injection, animals were placed in metabolic cages. Twenty-four-h urine collections were made for creatinine clearance and glucose excretion. After blood was obtained for creatinine and glucose, the animals were sacrificed for in vitro studies.
Preparation ofBBMV. BBMV were prepared by a modification of the method of Booth and Kenny (7) . Kidney cortex was weighed and minced and then homogenized in THM buffer (20: 1, v/w) on ice using an Elvejhem/Potter homogenizer (Teflon on glass) inserted into a Wheaton overhead stirrer. The tissue was homogenized until no large pieces of tissue were observable (approximately 10 strokes at setting 3). The homogenate was next homogenized in a glass/glass homogenizer for about five strokes. Dry CaC12 was added to the homogenate to give a final concentration of 10 mM. The mixture was stirred for 15 min on ice. An equal volume of THM-10 mM CaC12 was added to the mixture which was then centrifuged at 500 X g for 12 min.
The SI was saved, and the pellets were resuspended in 40 ml of THM-10 mM CaC1, and respun at 500 x g for 12 min. The supernate was combined with SI and centrifuged at 15,000 x g for 12 min. The P2 was resuspended by gently aspirating through an 18-gauge needle in about 3 ml. It was then made up to the original 20: 1 volume of THM. Dry CaC12 to a concentration of 10 mM was added, and the suspension was stirred on ice for 15 min. The S2 was spun once again at 15,000 x g, and the resulting pellet was suspended in a small volume (1-2 ml) of THM and 10 mM CaC12 and added to the mixture on ice. After centrifuging at 750 x g for 12 min, the resulting S3 was centrifuged at 30,000 x g for 12 min. P4 contained the brush border vesicles and was resuspended in the original 20: 1 volume of THM-300 (TH buffer with 300 mM mannitol) to wash out the CaC12. The resuspended P5 was spun at 48,000 x g for 20 min, and the resulting P g was resuspended in about 20% of original 20: 1 volume in THM-300. The suspension was centrifuged at 2000 x g for 5 min, and the supernate was then spun at 48,000 x g for 20 min.
P7 contained the purified BBMV. One gram of kidney cortex yielded approximately 7 mg of protein in the final product. The membranes were resuspended in THM-300 to give a final protein concentration of about 3.5 mg/ml.
Uptake studies with brush border membranes. Brush border uptake studies were camed out, as per previous studies (8) , by incubating the membrane vesicles at room temperature in small test tubes with varying concentrations of "cold" glucose and I4C-glucose. Two types of experiments were done: 1) Time course: membrane vesicles were incubated in buffer with 60 pM glucose, and samples were taken over a 45-min period to measure uptake as a function of time. 2) Concentration-dependent uptake: This was used to determine initial rate kinetics (apparent Km and Vmax). The ability of brush border to transport glucose was measured from 15 pM to 1.5 mM with a 15-s incubation period. These two experiments measured the Na-dependent uptake, since the membranes were prepared in the absence of sodium, but the incubations were camed out in the presence of 100 mM sodium. Uptake studies were also done in the absence of sodium to measure Na-independent uptake. Na-independent values were subtracted from Na-dependent values. Uptake was measured by applying the sample to a 0.22 p pore size filter and washing three times with 2 ml of cold buffer. Suction was applied with a vacuum pump. All uptake studies were performed in triplicate. The filters were placed in scintillation vials and allowed to dry overnight in a 75" oven. Scintillation fluid (4 g/liter PPO and 50 mg/liter POPOP in scintillation-grade toluene) was then added, and the samples were counted in a Beckman LS 7000 counter.
Protein was determined by a modified method of Lowry et al. (9) , and the DPM/mg protein was thus estimated.
Biochemical measurements. Plasma and urine creatinine were measured as per Sigma Technical Bulletin no. 555. Urines were first spun at 2000 rpm for 10 min to remove particulate matter before any assays were done. Plasma and urine glucose were analyzed using the Beckman Glucose Analyzer 2. Brush border membrane purity and yield were checked by measuring: 1) protein, via modification of the Lowry procedure by Hartree (10); 2) sodium-potassium ATPase, both total and ouabainsensitive (1 1); and 3) y-glutamyl transpeptidase, as per Sigma Technical Bulletin no. 415. These enzyme assays represent a standard technique for verifying vesicle purity (12) . y-Glutamyl transpeptidase is a brush border marker, while sodium-potassium ATPase is a basolateral membrane marker.
Materials. 14C-glucose (specific activity 329 Ci/mol) was purchased from New England Nuclear (Boston, MA). All solutions were prepared from reagent-grade chemicals. Milipore filters were purchased from Gilman Sciences (Ann Arbor, MI), and antirat IgG was obtained from Sigma Pharmaceuticals.
HISTOLOGY
Following removal of kidneys for in vitro study, a section of cortex was removed for histologic study. Standard hematoxylin and eosin sections were prepared for light microscopic evaluation. Fluorescent microscopic determination of IgG deposition was also performed using standard techniques. A small sample of kidney cortex was placed in glutaraldehyde and prepared by standard technique for electron microscopic evaluation. Slides were read in a "blind" fashion by a renal pathologist (T.O.). Small samples of BBMV from control and experimental groups were analyzed using standard electron microscopy techniques.
ANALYSIS OF DATA
Endogenous creatinine clearance was determined by standard clearance methods. Glucose excretion was expressed as mg/mg creatinine. Time course of uptake assessment of Na-dependent uptake and determination of approximate point of equilibrium (net influx = net emux). Km was measured in pmol/liter and velocity in pmol/mg protein/unit of time. Km and Vmax are frequently determined using the least-squares method. In order to draw valid inferences from least-squares regression, it is essential that the error variance at each value of the substrate concentration be the same. These data did not give uniform error variance at each substrate concentration. Thus, the more general technique of nonlinear least-squares regression was performed, with each data point given a weight based on its error variance. The regressions were performed using computer programs and the minitab statistical packages (1 3). Statistical significance was determined by Student's t test and analysis of variance.
RESULTS
Review of the data revealed no statistical difference in in vivo results between any of the groups. Analysis of the in vitro data revealed no difference between group 4 (pertussis only) and group 5. These two groups are termed "control." Groups I (TBM plus adjuvant), 2 (adjuvant), and 3 (CFA only) were not statistically significantly different from one another. Taken separately each group was statistically different from groups 4 and 5 and these groups are termed "CFA-treated" animals. Groups 1, 2, and 3 taken separately were statistically different from groups 4 and 5. Accordingly, CFA-treated animals (groups 1, 2, and 3) were grouped and termed CFA treated.
Histologic evaluation revealed no significant change in renal architecture between control and CFA-treated groups. Further, no significant cellular infiltrates were noted. Electron microscopy revealed no defects in renal tubular morphology and, in particular, no changes were noted at the brush border membrane. Evaluation of brush border vesicles by electron microscopy revealed no difference among any of the groups. Brush border vesicles appeared similar to those previously seen in our laboratory (8) . Immunofluorescent study of tissue revealed linear deposition of IgG along tubular basement membrane in animals injected with TBM plus adjuvant (group l), but control groups and animals injected with adjuvant, CFA, or pertussis only (groups 2, 3, and 4) showed no IgG deposition.
Endogenous creatinine clearances performed on animals during the 24-h period before sacrifice revealed no difference between control and CFA-treated animals (Table 1) . Further, 24-h urinary excretion of glucose was determined, and no difference was seen in the urinary excretion or plasma levels of glucose between control and CFA-treated groups. Enzyme measurements for membrane purity are shown in Table 2 . BBMV showed marked enhancement of luminal membrane fractions with no enrichment of basolateral membrane markers. No difference in enzyme purity was seen between control and CFA-treated animals. Table 2 shows no significant difference among any of the groups. When grouped into control and CFA-treated groups no difference could be determined. Control y-glutamyl transpeptidase fold purification was 11.2 f 2.92 while CFA-treated fold purification was 10.17 f 2.4. No step up in Na-K-ATPase activity between homogenate and brush border membrane vesicles was seen in any of the five groups.
Uptake of glucose by BBMV demonstrated significant differences between control and CFA treated animals. Figure 1 shows the uptake of 60 pM glucose into BBMV measured from 15 s to 8 min. The graph depicts relative uptake compared to equilib- Control, groups 4 and 5; CFA-treated = groups 1, 2, and 3.
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---------- rium. An %-fold "overshoot" is noted in control animals with a blunted response seen in CFA-treated rats (4.5-fold overshoot).
The difference in uptake was significant to p < 0.05 from 15 to 90 s. After 90 s no significant difference was noted. Table 3 demonstrates the actual uptake in pmoles glucose/mg protein for the five groups. No statistical difference can be shown among groups 1, 2, and 3. Further groups 4 and 5 are not statistically different from one another. However, CFA treated (groups 1, 2, 3) are statistically different from control (groups 4 and 5) as shown in Table 3 .
Concentration-dependent uptake studies were performed over a glucose concentration range of 15 pM to 1.5 mM. All uptake studies were done at 15 s of incubation. Figure 2 shows the velocity versus substrate concentration curve for control animals. 
DISCUSSION
CFA has been used extensively in experimental studies of glomerulonephritis. In many experiments employing active immunization techniques, CFA is used. Steblay (4) produced antiglomerular basement membrane disease with heterologous or autologous glomerular basement membrane plus CFA. Heymann nephritis is induced with renal tubular antigen plus CFA (15) . Further, the studies of anti-TBM antibody using active immunization also employed CFA (15, 16) . The above and subsequent studies concentrated on the immunologic and histologic aspects of the experimental glomerulonephritis. Little information is available on the functional significance of many forms of immune-mediated renal disease and, in particular, little is known about the renal dysfunction caused by immune-mediated tubular disease.
Alteration in proximal tubule function with immune-mediated disease has been reported by Park et al. (17, 18) . In these studies, changes in PAH transport into renal cortex slices following Heymann nephritis were documented. Freund's adjuvant was used as part of the immunization process. However, these studies did not discuss the effect of Freund's adjuvant alone on PAH transport.
T o examine the functional significance of immune-mediated kidney disease using the active immunization model, an implicit assumption is that CFA does not in itself cause disease. However, Miettinen (6) demonstrated that CFA alone could cause the development of circulating brush border antibody. He also demonstrated that the antibody passively administered to the rat would lead to diffuse granular deposition of IgG along glomerular capillary walls (6) . We have furthered the observations of Miettinen.
We wished to study tubular effects of autoimmune-induced interstitial disease before severe glomerular changes developed. We studied animals 12-14 days after initial injection which is prior to the development of proteinuria or glycosuria (16) . We have shown that animals injected only once with a TBM preparation plus CFA will develop anti-TBM antibody. These animals will have diminished BBMV uptake of glucose measured over time, and the kinetics of uptake (both Vmax and apparent Km) is also diminished. However, when the adjuvant alone is injected, a similar diminution in glucose uptake by BBMV is seen. The effect of in vivo adjuvant is demonstrable after a single injection.
Histologic evaluation shed no light on the mechanism by which adjuvant might influence BBMV uptake of glucose. No deposition of IgG was seen in control or CFA-injected animals (groups 1, 2, and 3), whereas injection with TBM plus adjuvant routinely led to IgG deposition along renal TBM. Light and electron microscopy revealed no cellular infiltration by neutrophils or lymphocytes. Thus, a clear immune-mediated mechanism for diminished BBMV glucose uptake could not be found. We did not assay for circulating brush border antibody or immune complexes. However, no histologic evidence was present for immune-mediated brush border disease. Miettinen (6) discussed possible mechanisms for adjuvantinduced brush border antibody. These included: 1) cross-reactivity between brush border and proteins in CFA; 2) skin antigen due to injection which cross-reacts with brush border; and 3) polyclonal activation of B-cells. Given the lack of histologic or immune fluorescent changes in our animals, the above mechanisms do not seem likely. CFA may be serving as a tubular toxin. We were unable to show a change in the urinary excretion of glucose in animals receiving adjuvant. However, glucose is avidly reabsorbed by the proximal tubule (l9), and the changes induced by adjuvant, although statistically significant at the brush border level, may not lead to significant glycosuria after just one injection.
Two more points deserve comment. First, it is conceivable that CFA may affect glucose transport and no other transport system. Although we did not test this hypothesis directly, it seems quite unlikely that CFA could specifically change the brush border membrane glucose transporter. Second, it is also possible that our findings are peculiar to the L-BN rat. L-BN or Brown Norway rats were employed frequently in the study of immunemediated disease, particularly the study of immune-mediated tubulointerstitial disease. The induction of anti-TBM disease in rats has succeeded in L-BN and Brown Norway rats, but not in Lewis, Wistar-Furth, and others (18) . Therefore, the L-BN or Brown Norway rat is likely to continue to be used in studies employing active immunization to produce immune-mediated renal disease. If so, adjuvant injection alone must be used as a control in any experiments studying functional effects in immune-mediated renal disease.
In conclusion, we found that the in vivo administration of CFA led to in vitro (BBMV) changes in glucose transport. These changes occurred after a single administration of CFA. The exact mechanism by which CFA alters glucose transport is unclear. Studies of the functional changes caused by immune-mediated disease induced by CFA must take into account changes created by adjuvant alone.
